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ABSTRACT: The adsorption behavior of the amino acid glycine in
mesoporous silica has been investigated using a combination of quantum
chemical calculations and NMR spectroscopy experiments. Glycine adsorption
on two representative sites of an amorphous silica surface, vicinal silanols and a
silanol nest, was investigated by DFT-D. The eﬀect of water coadsorption on
the energetics of adsorption and NMR shifts was characterized. It was found
that the silanol nest is a more favorable site for glycine adsorption due to a local
increased H-bond density. Co-adsorption with water is also favored, especially a
water molecule between a SiOH and the ammonium moiety. NMR chemical
shifts computed on these models fall into the observed 13C and 15N
experimental range, suggesting that the presence of diﬀerent energetically
comparable adsorption conﬁgurations cannot be excluded.
1. INTRODUCTION
An increased interest has been shown in the past for the
synthesis of templated inorganic materials due to their potential
applications in catalysis and controlled release.1,2 These
applications are closely related to the binding of biomolecules
on inorganic surfaces, but questions related to the nature of
interfacial interactions still need to be addressed. Studies on
simple model systems are thus needed for a thorough
understanding of more complex systems. This is the reason
why building block approaches are developed by some groups
in order to understand the adsorption of biomolecules (from
amino acids to proteins) on solid surfaces.3 To this respect,
glycine, the smallest and simplest amino acid, simultaneously
exhibits both carboxylate/carboxylic and amine/ammonium
moieties and, thus, represents a good reference object for other
more complex biological molecules. Indeed, a number of papers
appeared in recent years concerning the adsorption of glycine
or other amino acids on oxide surfaces,4 and a review specially
devoted to amino acids on silica has recently been published.13
Recent developments in solid-state NMR open promising
perspectives for the detailed characterization of such
interactions between small molecules and inorganic surfaces.6
This local spectroscopic technique can establish “dialogues”
between nuclear spins. In that sense, solid-state NMR is a
perfect tool of investigation for the hybrid organic−inorganic
interfaces in nanomaterials. NMR spectroscopy and more
particularly dipolar recoupling experiments were used recently
to identify interacting moieties in alanine adsorbed on a
mesoporous silica SBA-15 surface,7 and later in glycine
adsorbed on the same support.8 In both cases, the authors
show that the ammonium group interacts directly with silanols
(predominantly terminal ones) on the surface while the
carboxylates seem to freely reorient.
There has been a continuous increase in the number of ab
initio theoretical studies on the adsorption of amino acids or
organic molecules on several oxide surfaces such as amorphous
or crystalline silica,9−13 alumina,14 ZnO,15,16 Cr2O3,
17,18
TiO2,
19−25 and hydroxyapatite.5,26−29 Even glycine, the simplest
amino acid, may present diﬀerent adsorption mechanisms on
an oxide surface: ﬁrst, it may be adsorbed in neutral, cationic,
zwitterionic, or anionic forms according to the protonation
state of the amine and carboxylate groups (NH2−CH2−
COOH, NH3
+−CH2−COOH, NH3+−CH2−COO−, NH2−
CH2−COO−, respectively). Second, adsorption may be driven
by covalent bonding, H-bonding with the surface, ionic
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interactions, self-assembly between the biomolecules, and any
combination of those possibilities.4
Most of the ab initio studies of glycine adsorption were
performed in the absence of solvent; that is, they are relevant to
adsorption from the gas phase. However, the presence of
solvent molecules (e.g., water) may signiﬁcantly inﬂuence
glycine adsorption equilibria and kinetics. On the one hand, the
solvation of the biomolecule may hinder its interaction with the
surface. On the other hand, the coadsorption of water and
biomolecule may actually contribute to stabilizing the adsorbed
form. Water may also lower the kinetic barriers for conforma-
tional changes or proton transfers. Only few ab initio studies of
the adsorption of amino acids on surfaces in the presence of
water as a solvent have been undertaken, due to the extensive
cost of ab initio molecular dynamics (MD) calculations and of
the very short time periods simulated during a calculation (a
few picoseconds). Marx and co-workers studied the adsorption
of glycine on pyrite at the solid−liquid interface.30−33 In this
series of studies, glycine was found to be preferentially solvated
in the liquid phase and not adsorbed on the ideal surface of
pyrite, while the presence of sulfur vacancies caused a speciﬁc
adsorption involving coordination of the carboxylate to iron
ions, with or without coadsorption of water. On rutile TiO2,
Langel and Menken23 investigated the adsorption of glycine,
methionine, cysteine and serine. MD simulation revealed that
the most stable adsorbed form of the amino acids involved
coordination of the carboxylate moiety to two Ti4+ centers, in a
bridging position (in addition, cysteine could also coordinate
through its deprotonated thiol group and thus behave as a
bidentate ligand). An adsorption mechanism involving
carboxylate coordination to Ti4+ was also found to be operating
for glycine (Gly) on rutile (110).34 We have recently explored
the adsorption mechanism of glycine on Boehmite (AlOOH).35
Inner-sphere adsorption (by unidentate carboxylate coordina-
tion to Al3+) was favored over outer-sphere, with adsorption
energies of −160 and −20 kJ·mol−1, respectively.
On silica, in contrast, the favored amino acid adsorption
mechanisms do not involve coordination, or covalent bond
formation. Recently, Nonella and Seeger36 investigated the
alanine−silica interaction in the presence of bulk water by
means of DFT-MD. They found that the strongest interaction
occurred for a positively charged alanine ion and a negatively
charged silica surface. The formation of H-bonds with isolated
silanols on Gly/SiO2 systems was found to be weakly
exothermic,9,11 whereas the formation of a H-bond network
with a speciﬁc silanol nest could induce strong bonds of glycine
with the surface.10 “Microsolvating” water molecules were
added to the system to understand the eﬀect of water
coadsorption. Several ﬁrst principles molecular dynamics runs
indicated that in the dominant conformation the COO− moiety
is directly H-bonded to one geminal SiOH group on the
surface, whereas NH3
+ interacts with water molecules far from
the surface.10 Zhao et al.37 and Walsh et al.38 obtained very
similar results: the dominant conﬁguration exhibits the COO−
group pointing toward the surface in direct contact with
geminal SiOH groups, while the NH3
+ prefers to interact with
bulk water, away from the surface. Interesting data concerning
the eﬀect of increasing numbers of microsolvating water
molecules on the structure of glycine interacting with an
edingtonite SiO2 surface can also be found in the work of
Rimola et al.39
The ideal way to thoroughly understand adsorption at the
solid liquid interface, however, is to couple the experimental
and the theoretical approaches by performing an ab initio
assisted interpretation of spectroscopic data. For instance, the
spectroscopic data obtained by NMR and the theoretical
structural models of glycine adsorption can be associated by
performing ﬁrst principles calculations of the NMR parameters,
starting from structural models based on DFT. For that
purpose, the GIPAW (Gauge Included Projected Augmented
Wave) method, ﬁrst proposed by Pickard and Mauri,40 is now
considered as a tool of choice for solid state NMR calculations
(in the frame of DFT and under periodic boundary
conditions).41 The combined theoretical/experimental ap-
proach42,43 and in particular the DFT structural modeling/
solid state NMR/GIPAW approach represents a very useful
tool for the detailed characterization of organic−inorganic
interfaces44 and seems therefore adequate for a detailed study
of the glycine-silica interface at an atomic level.
In this contribution, a mesoporous MCM-41 silica45,46 was
prepared and loaded with glycine. Solid-state NMR was then
used for the investigation of the adsorbed amino acid and in
particular for investigating the proximities between silanols,
water molecules and glycine molecules using two-dimensional
1H−X HETCOR CP MAS experiments (X = 13C, 15N, and
29Si). The amorphous silica slab model we previously
developed47 was used to study various conﬁgurations of glycine
adsorption, taking explicitly into account possible interfacial
water molecules. Finally, and in order to determine the
relevance of the models, ﬁrst principles calculations of NMR
parameters were performed by using the GIPAW method for all
involved nuclei and compared with experimental data.
2. EXPERIMENTAL DETAILS
2.1. Material Preparation. 2.1.1. MCM-41 Sample
Synthesis. Mesoporous silica MCM-41 was obtained by
solubilizing cetyltrimethylammonium bromide (CTAB, 17.24
g) in H2O (350 g) at 40 °C and mixing this solution with an
aqueous solution of 52.5 g of sodium silicate (27% SiO2, 10%
NaOH) in 54.5g of water for 10 min. The SiO2/CTAB/
NaOH/H2O molar ratio was 1:0.55:0.25:127. The pH was then
adjusted to 8.5 by adding, under stirring, ∼108 mL of 1 M HCl.
The mixture was heated at 90 °C for 24 h. A solid white
powder formed in the reaction mixture; it was washed with
distilled water, dried at 60 °C overnight, and then heated at 540
°C for 8 h under air ﬂux to remove the surfactant.
2.1.2. Gly Deposition on MCM-41. The calcined MCM-41
sample was loaded with glycine according to the “incipient
wetness” procedure: 0.300 g of MCM-41 was impregnated with
a small amount (2 mL) of 0.1 M aqueous glycine solution,
allowing the complete ﬁlling of the pore volume of MCM-41
(without formation of a bulk liquid phase). This resulted in the
deposition of 0.67 mmol Gly per gram of MCM-41, or a
loading of 5.0 wt %. The sample was then dried at 60 °C for 3.5
days. In order to increase the signal-to-noise ratio of the NMR
spectra, glycine isotopically enriched in 15N and 13C (the latter
on the carboxyl function) was employed. This sample will be
called Gly/MCM.
Nitrogen adsorption/desorption isotherms were recorded at
77 K with a Micromeritics ASAP2000 apparatus, after degassing
under vacuum (1 × 10−3 Torr) at 250 °C for pure calcined
MCM-41 or 40 °C for the glycine-loaded sample.
2.2. Solid-State NMR Experiments. The 13C, 15N CP
(Cross-Polarization) MAS experiments were recorded on a
Bruker Avance 400 spectrometer (9.4 T, ν0(
1H) = 400.78 MHz,
ν0(
13C) = 100.61 MHz, ν0(
15N) = 40.56 MHz), and 2D
HETCOR (HETeronuclear CORrelation) experiments were
recorded on a Bruker Avance III 300 spectrometer (7.0 T,
ν0(
1H) = 300.29 MHz, ν0(
13C) = 75.51 MHz, ν0(
15N) = 30.44
MHz, ν0(
29Si) = 59.66 MHz). At both ﬁelds, Bruker 4 mm
double resonance MAS probes were used, and the samples were
spun at the magic angle at 14 kHz.
2D 1H−X HETCOR CP MAS experiments (X = 13C, 15N,
and 29Si) were recorded with ramped-amplitude cross-polar-
ization (RAMP-CP)48 in the 1H channel to transfer magnet-
ization from 1H to X (typically, 64 increments of 63 μs were
used with 600 scans per acquisition). The 1H ﬁeld was ramped
from 50 to 100% while the X RF ﬁeld was set around 65 kHz.
RD = 3 s, t90°(
1H) = 3 μs, CP contact time = 1 ms, optimized
1H spinal-64 decoupling.
A single pulse 29Si NMR MAS spectrum was also recorded at
7.0 T with a Bruker 7 mm double resonance MAS probe,
spinning at 5 kHz, 5.0 μs π/2 pulses, and a recycle delay of 60 s.
Spectra deconvolutions were performed using the Dmﬁt
software.49 1H, 13C, and 29Si chemical shifts were referenced
to external TMS, while 15N was referenced to external
CH3NO2.
2.3. Computational Details. 2.3.1. Ab Initio Geometrical
Conﬁgurations and Molecular Dynamics Calculations. All
calculations were performed using the ab initio plane-wave
pseudopotential approach as implemented in the VASP
code.50,51 The Perdew−Burke−Ernzerhof (PBE) functional52,53
was chosen to perform the periodic DFT calculations with an
accuracy on the overall convergence tested elsewhere.47,54−58
The valence electrons were treated explicitly and their
interactions with the ionic cores are described by the Projector
Augmented-Wave (PAW) method,59,60 which allows one to use
a low energy cutoﬀ equal to 400 eV for the plane-wave basis.
The integration over the Brillouin zone was performed on the
Γ-point, in all calculations.
The potential energy surfaces (PESs) were systematically
explored by ab initio molecular dynamics at 300 K, starting
from several conﬁgurations. The time step was set at 1.5 fs;
several starting conformations were considered (but no statistic
was performed on the starting conformations), and the run was
stopped when an average stable conformation was reached
during 500 fs or more; we used a microcanonical ensemble in
the NVE (constant number of molecules, constant volume and
constant energy) approach. To avoid ﬂuctuations due to the
large time step chosen, the mass of the hydrogen atom was set
to 3. The local minima found in the PES were then optimized
at 0 K. It is noticeable that this MD approach allowed us to ﬁnd
the minima of the PES showed in the present paper, which
were not intuited beforehand. Glycine was adsorbed in its
zwitterionic form (ZG).
In the geometry optimizations at 0 K, the positions of all
atoms in the supercell are relaxed in the potential energy
determined by the full quantum mechanical electronic structure
until the total energy diﬀerences between the loops is less than
10−4 eV. In a second step, the DFT-D approach61 was applied
as implemented in VASP, which consists in adding a
semiempirical dispersion potential to the conventional
Kohn−Sham DFT energy. In particular we used the DFT-D
method of Grimme62 up to D2 correction.
The energies of interaction/adsorption of glycine on the
surface were calculated following diﬀerent reactions: First,
neutral glycine (NG) was considered as the adsorbant. The
adsorption energy ΔEads was calculated as follows:
Δ = − − −E E E E nE(G, Sil) (NG) (Sil) (H O)ads 2 (1)
where E(NG), E(Sil), and E(H2O) are the total electronic
energies of NG, silica surface, and one water molecule obtained
after separate geometry optimization. E(G, Sil) is the energy of
the optimized (glycine + silica + n water) system with glycine
adsorbed on the silica surface. The number of water molecules
in the models runs up to 3.
The adsorption energy can be decomposed into interaction
and deformation energies, as follows:
Δ = Δ − Δ − Δ− −E E E Eads binding deform mol deform surface (2)
where ΔEdeform‑mol of the molecule and ΔEdeform‑surface of the
surface indicates the energy required for the molecule
(respectively, the surface) to adapt to the constraints induced
by the surface (respectively, the molecule), and ΔEbinding is the
energy of the bond between the surface and the molecule, in
the geometries of the adsorption conﬁguration. ΔEads is
negative, indicating an exothermic process, when the binding
energy between the molecule and the surface is more important
than the induced respective deformations.
2.3.2. Ab initio Calculations of NMR Parameters. The ﬁrst
principles NMR calculations were performed within Kohn−
Sham DFT using the QUANTUM-ESPRESSO software
(available online).63 The PBE generalized gradient approx-
imation52,53 was used. and the valence electrons were described
by norm conserving pseudopotentials64 in the Kleinman−
Bylander65 form. The core deﬁnition for O, C, and N is 1s2 and
1s22s22p6 for Si. The core radii are 1.2 au for H, 1.5 au for O,
1.6 au for C, 1.45 au for N, and 2.0 au for Si. The wave
functions were expanded on a plane wave basis set with a
kinetic energy cutoﬀ of 1088 eV. The integral over the ﬁrst
Brillouin zone was performed using a Monkhorst-Pack 1 × 1 ×
1 k-point grid for the charge density and chemical shift tensor
calculation. The shielding tensor is computed using the
GIPAW40 approach which permits the reproduction of the
results of a fully converged all-electron calculation. The
isotropic chemical shift δiso is deﬁned as δiso = −[σ − σref],
where σ is the isotropic shielding and σref is the isotropic
shielding of the same nucleus in a reference system as
previously described.66,67
2.3.3. Description of the Model. The adsorption of glycine
was studied using a silica model structure described and
characterized in a previous work.47 In summary, the model
consists of a Si27O54 slab hydrated with 13 H2O molecules. The
silanol density at the surface is 5.8 nm−2, and unit cell
dimensions are 12.77 × 17.64 × 25.17 Å3. The slab has a
density of approximately 1.7 g/cm3. The number of Si atoms
belonging to tetrahedra exposed on the surface is approximately
8 nm−2. The same slab has been used in studies in which the
model was used to describe a catalyst support.68−71 Despite the
fact that the global silanol density is higher than the one usually
reported for MCM-41,72 locally, the diﬀerent expected types
(terminal and geminal) are present on the model surface,
enabling, thus, a correct, local, description of the interaction
sites.
3. RESULTS AND DISCUSSION
3.1. Surface Area and Porosity. Nitrogen adsorption/
desorption isotherms of the calcined MCM-41 and the glycine-
loaded sample (see the Supporting Information for details,
Figure S1 and Table S1) provided speciﬁc surface areas,
evaluated by BET calculations,73 of 1060 and 830 m2·g−1,
respectively. Both the mean pore diameter estimated by the
BJH method74 and the mesoporous volume decrease after
loading, in line with the successful incorporation of glycine in
the mesopores of MCM-41.
3.2. Solid-State NMR Investigation. In the carboxylate
region, the 13C CP MAS spectrum of glycine encapsulated in
mesoporous silica (Figure 1) exhibits a sharp signal at 176.4
ppm and a distribution of broader ones ranging from 168 to
175 ppm, with one maximum at 173.6 ppm. Similar results have
already been observed for glycine adsorbed on nonporous silica
nanoparticules (Aerosil 380):8,75 the sharp line was assigned to
bulk α-glycine76 (13C CP MAS spectra of the α, β and γ
polymorphs of glycine are presented in Figure 1), while the
broader line could correspond to a population of glycine
molecules interacting with silica surface groups (most likely
silanols) and/or adsorbed water molecules. A 13C single-pulse
(SP) MAS NMR spectrum of the sample was also recorded
(Supporting Information Figure S2): this experiment corre-
sponds to direct 13C detection, without CP from 1H to 13C. The
signal assigned to crystalline glycine is very similar in the two
spectra (SP and CP), but important diﬀerences are visible in
the 168−175 ppm range. Instead of a distribution of broad
signals in the CP spectrum, only one sharper signal at 173.5
ppm is present in the SP spectrum, with no clear sign of any of
the broader components present in the CP spectrum. This
suggests the existence of two populations of glycine molecules:
one mobile enough not to be detected by CP due to an eﬃcient
averaging of the 1H−13C dipolar interactions, and one more
rigid detected by CP, a priori corresponding to the molecules
strongly interacting with the surface (apart from crystalline
forms of glycine). Similar observations were already reported
for encapsulated molecules in MCM-41.6,77 The population
detected by CP is thus the one of interest for the present study.
A two-dimensional 1H−13C HETCOR CP MAS NMR
experiment was recorded in order to discriminate between 1H
sites according to their proximities to the diﬀerent carbon
atoms (Figure 2a). The 13C signal at 176.4 ppm assigned to
bulk α-glycine clearly shows two cross peaks with proton
signals at 3.2 ppm and 8.4 ppm corresponding to the methylene
group bonded to the carboxylate and to the ammonium group
in interaction with the carboxylate of a neighboring molecule
through NH−OOC hydrogen bonds in the bulk state. Two
cross peaks centered at 4.3 and 7.2 ppm are observed for the
13C signal at 173.6 ppm. The ﬁrst 1H chemical shift is possibly
due to the superposition of methylene and water signals while
the second is consistent with an ammonium group or with
silanols/water in interaction with the carboxylate. Finally, the
larger 13C signal centered at 171.5 ppm only correlates with a
proton signal at 4.7 ppm. The latter is usually assigned to the
protons of silanols in fast exchange with adsorbed water on
imperfectly dehydrated silica, be it mesoporous or nonporous.78
The conventional 1H MAS spectrum (Supporting Information
Figure S3) shows indeed a predominant large signal centered at
5 ppm characteristic of the presence of water.
The 15N CP MAS spectrum of Gly/MCM (Figure 3) shows
a narrow signal at −346.6 ppm corresponding to the chemical
shift of ammonium groups in α-glycine and a second
component centered at −348.5 ppm most probably corre-
sponding to the glycine in interaction with the surface. A two-
dimensional 1H−15N HETCOR CP MAS NMR experiment
was then recorded to identify 1H chemical shifts of the
ammonium groups of these two types of glycine (Figure 2b).
Consistently with the 13C results, the 15N signal at −346.6 ppm
shows a proton cross peak at 8.6 ppm, assigned to the
ammonium protons of bulk glycine76 while the 15N peak at
−346.6 ppm is correlated to a 1H signal at 6.4 ppm possibly
corresponding to −NH protons involved in a H-bond network
with the silica surface. The weak cross peak at 3.7 ppm can be
assigned to the protons of the CH2 linked to the ammonium.
Finally, the 2D 1H−29Si HETCOR CP MAS NMR spectrum
of the sample (Figure 2c) conﬁrms that the protons with
chemical shift values centered at about 5 ppm are strongly
correlated with surface silicon atoms (they were assigned above
to silanols in fast exchange with water). Overall, the HETCOR
results are very similar to those published by Ben Shir et al. for
Gly/SBA-15 in the “intermediate” hydration state.8
3.3. Theoretical Investigations of Adsorption Geo-
metries. Several combinations of H-bonds between glycine
and the surface were investigated. We refer to our previous
paper for the description of the model silica surface,47 which
exhibits vicinal and geminal silanols and their combinations into
silanol nests. Using this model, we explore the possibility of
cooperative H-bond formation between glycine, silanols, and
water.
First, glycine interaction with two types of surface sites
(vicinal, and silanol nest containing geminal silanol groups) was
investigated. Then water was coadsorbed with glycine. The
adsorption energies were calculated using eq 1.
Zwitterionic glycine (ZG) adsorption through one or two H-
bonds with the silanols results in spontaneous neutralization to
neutral glycine (NG), yielding adsorption energies of −55 and
−62 kJ/mol (Figure 4a and b). It must be underlined that, in 
this conﬁguration, the surface does not “solvate” the glycine 
molecule, in the sense that the interaction is not suﬃcient to 
stabilize the zwitterionic form with respect to the neutral form as 
happens, for example, in water, in conformity with previously 
calculated results.9,11 When glycine is allowed to make three H-
bonds to the surface (Figure 4c,d), the ZG form is stabilized, 
although the energy of adsorption (−64 and −69 kJ/mol) is not 
signiﬁcantly more negative than in the previous case. The rather 
weak interaction of glycine with vicinal silanols was conﬁrmed 
with MD runs at 300 K. For all the previous structures, the 
glycine molecule spontaneously desorbs from the surface in its 
neutral form. 
The same trend of neutralization was observed on the
geminal silanol pair with glycine forming two H-bonds, with an
energy of adsorption of −64 kJ/mol (Figure 5a). The geminal
pair behaves similarly to the vicinal silanols, in agreement with
previous results regarding water adsorption on silanols.47 These
results suggest that geminal silanols do not exhibit an increased
acidity as compared to vicinal ones. Then, a minimum in the
potential energy surface (glycine/silanol nest) was searched by
means of molecular dynamics followed by geometry
optimization. Figure 5b shows the most stable conﬁguration
obtained, with three H-bonds formed. The COO moiety is two
times H-bond receiver from the geminal pair; in addition, the
NH3 moiety is one time H-bond donor to a vicinal silanol.
Subsequently, the ZG form was stabilized and an adsorption
energy of −111 kJ/mol was calculated, exhibiting a more
exothermic adsorption than on vicinal silanols.
The most stable conﬁguration in dehydrated conditions,
(Figure 5b), shows the glycine molecule parallel to the surface
with three H-bonds, an additional bond being formed between
the NH3
+ moiety and a vicinal silanol. Moreover, a Si−O−H
O−C−OH−O−Si−O cycle is formed. The energy of glycine
adsorption is now −111 kJ/mol (148 kJ/mol vdW corrected).
This energy of adsorption is much more exothermic than that
calculated in other conﬁgurations. To better understand this
result, the adsorption energy was decomposed into interaction
and deformation energies as in eq 2.
Table 1 reports those energies for the most stable
conﬁgurations obtained for glycine adsorbed on vicinal silanols
and on a silanol nest. The H-bond network of silica has slightly
changed in the presence of adsorbed glycine, with reorienta-
tions of H-bonds. The average deformation energy of the silica
model is rather weak (38.5 ± 1 kJ/mol), which is not surprising
since this solid is known to be very ﬂexible. The average
deformation energy of the glycine molecule is 68 ± 5 kJ/mol.
Thus, deformation energies do not vary signiﬁcantly between
both conﬁgurations, and they cannot explain the diﬀerences in
adsorption energies. It should be noted that the energy trends
in Table 1 are not altered after inclusion of dispersion forces in
a same set of model systems (i.e., the same number of atoms),
as all energies are uniformly increased by about 30−50 kJ/mol
depending on the degree of hydration. This correction is similar
for both types of silanols, i.e. geminal and terminal. The most
favorable adsorption conﬁguration is found on geminal silanols,
conﬁrming our former result.10
We performed the following additional calculations: for the
most stable conﬁgurations obtained in each case (vicinal
silanols/silanol nest), the atoms of glycine and the oxygens
surrounding it were kept frozen. The other atoms of the
structure were eliminated. Oxygen atoms were saturated with H
atoms to form water molecules; those H atoms were optimized,
converging into the structures shown in Figure 6. It was noticed
Table 1. Adsorption Energies of Glycine (G) on Diﬀerent Types of Silanols and Interaction Energy of Glycine with Water
Clusters of Identical Geometry, Calculated at the DFT (DFT-D) Levels Following eqs 1 and 2a
vicinal geminal
NG NG ZG ZG NG ZG
dry Figure 4a 4b 4c 4d 5a 5b
# H-Bonds 1 2 3 3 2 3
ΔEads −55 −62 −64 −69 −64 −111
(−96) (−148)
−14210
1 water molecule Figure 8
# H-Bonds 3 + 2 water
ΔEads −168
(−219)
3 water molecules Figure 7a 7b
# H-Bonds 8 8
ΔEads −193 −253
(−233) (−304)
aValues in kJ/mol.
that the interaction of glycine with the water clusters increases
with the size and H-bond connectivity in the water cluster, from
−53 to −114 kJ/mol. Indeed, water molecules help to screen
the glycine dipole, and thus to stabilize the negative and
positive charges of zwitterionic glycine. In other words, the high
local silanol density, rather than the nature of the silanols,
explains the increased (i.e., more negative) adsorption energy
of glycine on silica. Such an increased reactivity of silanol nests
was observed on other models (molecular and peri-
odic).57,68−71,79,80
In order to obtain a benchmark for the experimental NMR
analysis showing the presence of a non-negligible amount of
water, water molecules bridging glycine and the surface were
considered, to calculate the corresponding NMR shifts (vide
infra). This was achieved by adding three water molecules to
the model system. Figure 7 shows the two most stable
conﬁgurations obtained after MD followed by geometry
optimization of the local minima. In both the silanol nest and
vicinal silanol cases, the water molecules bridging the COO−
moiety to the silanols are H-bond donors to COO− and H-
bond acceptors from silanols. In contrast, water H-bond
acceptors from NH3
+ are H-bond donor to silanols/siloxane
oxygens. The energies of glycine+water coadsorption are −253
(−305) and −193 (−233) kJ/mol for silanol nest and vicinal
silanols respectively, at the DFT (DFT-D) level. Again, we
notice that the inclusion of van der Waals forces enhances the
adsorption energy, by about 45 kJ/mol.
When only one water molecule is added to the model system
as is the case in the last conﬁguration, the glycine is found to
interact directly with silanol groups through the carboxylate
group whereas the ammonium group interacts via the water
molecule. The adsorption energy obtained is −168 (−219) kJ/
mol (See Figure 8). We notice that the addition of one water
molecule to the NH3
+ end is exothermic by −72 kJ/mol.
Adding water molecules at the COO− end is exothermic by
−43 kJ/mol per water molecule. Those values fall to −60 (one
water molecule) and −31 (two more water molecules) kJ/mol,
respectively, considering the ZPE diﬀerences between the gas
phase water and water adsorbed on the surface.81 It seems thus
that the addition of one water molecule at the ammonium end
is more exothermic than at the carboxylate end. This may be
due to the better screening of the charge of the proton in NH3
+
by an additional water molecule. Such a trend was already
observed in a previous work.10 Moreover, it was recently shown
by molecular dynamics studies that the NH3
+ moiety does not 
interact directly with the surface silanols, whereas the 
carboxylate end does, at the silica-water interface.37,82
The results present a ﬁrst order approximation for systems 
considering a real silica-water interface on which a molecular 
thermodynamical approach can be conducted in order to 
estimate the number of water molecules coadsorbed with 
glycine.83 This can be achieved by calculating free energies of 
adsorption from the liquid phase with an a posteriori treatment 
based on atomistic thermodynamics. In this approach chemical 
potentials of the reactants and products in the liquid phase are 
estimated.81
The free energies of glycine and water coadsorption are 
estimated to −16 and +12 kJ/mol in the case of addition of one 
water molecule at the NH3
+ end, and addition of two water 
molecules at the carboxylate end, respectively. To summarize, 
the interaction of glycine with amorphous silica is predicted to 
occur via its ammonium group through one water molecule, 
whereas a direct interaction via the carboxylate group with the 
surface is favored.
It is interesting to notice that Ben Shir et al.8 concluded from 
NMR experiments that the carboxylate group is mobile and does 
not interact with the silica surface, while the ammonium group is 
tightly bond via three hydrogen bonds to the silanols of the silica 
surface. They described their rate of hydration to be 
intermediate, whereas in relatively dry conditions the 
carboxylate group is energetically predicted to be adsorbed on 
the surface. The theoretical model presented in this work, aimed 
to describe low hydration rates (microsolvation), might not be 
hydrated enough to represent the experimental adsorption 
conditions. The presence of water around the glycine molecule 
and on the silica surface might generate entropically favored 
conﬁgurations, ruling over the enthalpically favored ones, a 
situation already proposed in the interaction of a phospholipid 
on a silica surface.44
The present results point out that (i) geminal silanols “per se” 
do not have an increased reactivity in comparison to vicinal 
silanols; (ii) instead they participate in creating a “silanol nest”, a 
local region of high silanol density, which exhibits an increased 
reactivity toward glycine; (iii) glycine adsorption on a “silanol 
nest” is signiﬁcantly more exothermic, than on vicinal silanols; 
(iv) this result is valid also when water is coadsorbed with 
glycine, and (v) water coadsorbs preferentially at the NH3
+ 
moiety of glycine, in agreement with previous studies.10,37
3.4. NMR Calculations. Calculations of NMR parameters 
were performed on four conﬁgurations of glycine adsorption on 
the surface (Figure 9): (i) Glycine carboxylate forming two H-
bonds with two geminal silanols (conﬁg I, Figure 5b); (ii)
glycine carboxylate forming two H-bonds with two vicinal
silanols (conﬁg II, Figure 4c); (iii) glycine carboxylate forming
two H-bonds with two geminal silanols via two interfacial water
molecules (conﬁg III, Figure 7a); (iv) glycine carboxylate
forming two H-bonds with two vicinal silanols via two
interfacial water molecules (conﬁg IV, Figure 7b).
The corresponding calculated 1H, 13C, and 15N NMR
chemical shift values are summarized in Table 2.
13C and 15N chemical shift values calculated for the diﬀerent
adsorption conﬁgurations (shown in Figure 9) were positioned
on a theoretical two-dimensional map, in regard with the
experimental 13C and 15N spectra (Figure 10). It must be
underlined that this ﬁgure is not an experimental 2D NMR
map. The calculated chemical shifts of the three polymorphs of
glycine are also shown as references. It appears that all
adsorption conﬁgurations yield NMR parameters consistent
with the experimental signals previously assigned to glycine in
interaction with the silica surface, and separate from the
parameters of bulk glycine (at least along the 13C chemical shift
dimension), giving conﬁdence in the used methodology.
Additional data are necessary to determine whether one of
the various models is more relevant than the others from the
NMR point of view. Therefore, attention was then focused on
the calculated 1H chemical shifts of ammonium protons of
glycine and on silanol/water protons interacting with glycine
(Figure 11). Apart from conﬁguration III, the -NH3
+ protons
show chemical shifts smaller than in glycine polymorphs80 (8.0
ppm for α- and γ-glycine, and 8.9 ppm for β-glycine), in good
agreement with the experimental value of 6.4 ppm extracted
from the 1H−15N HETCOR CP MAS NMR experiment. For
conﬁgurations I and III, the δiso(
1H) of silanols H-bonded to
the carboxyl oxygens of glycine are very high (between 9.4 and
9.7 ppm) which is most probably related to very short OH−O
distances (between 1.56 and 1.66 Å). Indeed, a correlation
between proton chemical shift of silanols and the H-bond
network has been reported previously.47 For the vicinal
conﬁgurations, δiso(
1H) of silanols or water molecules H-
bonded to the COO- group are smaller (between 5.1 and 6.5
ppm) and the corresponding OH−O distances are longer
(between 1.70 and 1.74 Å). The latter values are in better
agreement with the experimental values extracted from the
1H−13C and 1H−29Si HETCOR CP MAS NMR experiment.
All in all, the best agreement between experimental and
calculated NMR data is obtained for conﬁgurations II and IV,
Table 2. Comparison between Experimental and Calculated NMR 1H, 13C and 15N Chemical Shift Values for Various
Adsorption Conﬁgurations of Glycine on the Silica Surface
δiso (ppm)
glycine site exp Conﬁg I (5b) Conﬁg II (4c) Conﬁg III (7a) Conﬁg IV (7b)
COO− 173.6−171.5 173.2 170.9 170.9 169.2
−348.5
6.4
−349.3
7.0
−348.0
7.3
−349.2
8.1
−348.5
7.5
NH3
NH3
-OH (SiOH or H2O) interacting with COO
− 4.2−5.0 9.5; 9.7 5.8; 6.4 9.4; 9.6 5.7; 6.9
corresponding to the adsorption on vicinal silanols: this is
interesting because these are much more abundant than
geminal sites according to the 29Si MAS NMR spectrum of
the sample showing 2.7% au Q2 (geminal silanols), 23.9% of Q3
(vicinal silanols), and 71.4% of Q4 (fully condensed Si(OSi)4)
sites (Supporting Information Figure S4). Nonetheless,
considering the accuracy of experimental results, all calculated
NMR shifts fall within the experimental range suggesting that a
distribution of adsorption conﬁgurations cannot be excluded.
4. CONCLUSIONS
DFT-D calculations have been performed on a model
amorphous silica surface, in order to help interpreting
experimental NMR data. Several typical conﬁgurations were
considered, where glycine was adsorbed on vicinal or geminal
silanols, without and with water coadsorption. 13C and 15N
NMR signal corresponding to the relatively rigid glycine
molecules interacting with the silica surface could be clearly
identiﬁed by combining CP experiments and NMR calculations
on the models. Moreover, it appears that the best site for
adsorption conﬁguration was the silanol nest, and that water
coadsorption was favored, especially concerning the ammonium
entity. Calculated NMR shifts fall into the experimental range
with a slightly better agreement for adsorption conﬁgurations
on vicinal silanols, which are present in majority on this silica.
However, contributions from zones of high local density of
silanols cannot be excluded.
Finally, we notice that our representative silica model
exposes sites of very diﬀerent reactivity, and is thus useful to
explore diﬀerent possibilities of adsorption, at low computa-
tional cost. Comparison with experimental data may be done by
extracting data on particular sites that are known to be present
on real surfaces. Obviously, our results are more indicative of
tendencies than precise assignments. In particular, the
electronic energy of the system is not the only criteria to
discriminate between diﬀerent adsorption scenarios. One might
describe a very stable site and adsorption conﬁguration on the
basis of its energy but, due to its small probability of presence
on the surface (as for example geminal silanols in MCM-41
sample), it may not be the most representative adsorption
situation. The presence of the surface sites is dependent on the
synthesis protocol of the silica material. Another unknown
condition of adsorption is the accessibility of the surface site for
the glycine molecule. The adsorbent may be blocked by steric
hindrance. The role of the solvent is also a parameter to be
considered, and will be the subject of future works.
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Figure 1. 13C CP MAS NMR spectra of the glycine polymorphs (α-
glycine, blue; β-glycine, green; γ-glycine, red) and Gly/MCM (black
line).
Figure 2. HETCOR CP MAS NMR spectra: (a) 13C-{1H}, (b) 15N-{1H}, and (c) 29Si-{1H} of Gly/MCM. 1H projections for speciﬁc 13C, 15N, or
29Si chemical shifts are presented on the right side of the ﬁgure.
Figure 3. 15N CP MAS NMR spectra of the glycine polymorphs: α-
glycine (blue line), β-glycine (green line), γ-glycine (red line), and
glycine encapsulated in mesoporous silica (black line).
Figure 4. Conﬁgurations obtained for glycine in interaction with a pair
of vicinal silanols, forming (a) one H-bond, (b) two H-bonds, and
(c,d) three H-bonds with the surface.
Figure 5. Conﬁgurations obtained for glycine in interaction with
geminal silanols, forming two H-bonds from the COO− end with the
geminal pair (a), and an additional bond from the NH3
+ end with a
more distant silanol (b).
Figure 6. Conﬁgurations corresponding to zwitterionic glycine on
silica (Figures 4e and 5b), but where the SiOH have been replaced by
water molecules, the O atoms being ﬁxed and the “healing” H atoms
relaxed. The stabilization energy of glycine in those water clusters is
given in kJ/mol.
Figure 7. Optimized geometries of glycine coadsorbed with three
water molecules on silica (a) on geminal silanols and (b) on a pair of
vicinal silanols. (Dispersion corrected energies in parentheses.)
Figure 8. Optimized geometries of glycine coadsorbed with 1 water
molecule on silica. (Dispersion corrected energies in parentheses.)
Figure 9. Calculated 13C et 15N NMR chemical shift values for various
conﬁgurations of glycine adsorption on the silica surface: (a) glycine
carboxylate in interaction with geminal silanols, (b) glycine carboxylate
in interaction with vicinal silanols, (c) glycine carboxylate in
interaction with geminal silanols in the presence of interfacial water,
and (d) glycine carboxylate in interaction with vicinal silanols in the
presence of interfacial water.
Figure 10. Theoretical two-dimensional map correlating 13C and 15N
spectra of the encapsulated glycine and positioning calculated 13C and
15N chemical shift values for the diﬀerent adsorption conﬁgurations
and for glycine polymorphs.
Figure 11. Calculated 1H NMR parameters of silanols/water
molecules in interaction with the carboxylate for various conﬁgurations
of glycine adsorption on the silica surface: (a) glycine carboxylate in
interaction with geminal silanols, (b) glycine carboxylate in interaction
with vicinal silanols, (c) glycine carboxylate in interaction with geminal
silanols in the presence of interfacial water, and (d) glycine carboxylate
in interaction with vicinal silanols in the presence of interfacial water.
